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binimally invasive mitral valve surgery began in the mid
1990s with the introduction of the Heart Port Endo
PB system (Heartport Inc., Redwood City, CA). Despite a
ignificant learning curve, this provided a usable platform for
emote access cardiopulmonary bypass. Difficulties perform-
ng complex mitral valve repair with two-dimensional vision
nd long-shafted instruments made adoption slow and
ostly limited to a few centers. The development of robotics
n the late 1990s provided enhancements that promised to
vercome the limitations of previous minimally invasive
echniques. The most important improvements were three-
imensional vision with magnification of the operative site,
nd articulated wristed instruments with the articulating por-
ion being down at the level of the valve. Early feasibility was
hown by Falk and coworkers1 in Europe. In the United
tates robotic-assisted mitral valve repair was pioneered by
hitwood and coworkers2 and FDA clearance was obtained
n December 2002 based on their multicenter trial.3 Over the
ext several years we and others4,5 modified the technique of
obotic mitral valve repair to further take advantage of the
ystem’s capabilities, moving away from a rib-spreading an-
erior mini-thoracotomy and toward a more lateral totally
ndoscopic approach. Our current technique, utilizing the
a Vinci S System (Intuitive Surgical Inc., Sunnyvale, CA), is
totally endoscopic lateral approach. Incisions are made for
he robotic instrument and camera ports and the assistant’s
working port” is only a 15-mm soft rubber Thoracoport
Ethicon Endo-Surgery Inc., Cincinnati, OH). We use femo-
al–femoral bypass and a transthoracic “Chitwood” aortic
ross-clamp (Scanlon International Inc., St. Paul, MN) placed
ia a stab wound in the chest. Excellent results are also ob-
ained using endo-balloon aortic occlusion (CardioVations;
thicon Inc., Piscataway, NJ),4,5 although this requires addi-
ional teamwork and learning curve.
Virtually any mitral valve pathologic problem can be ad-
ressed via an endoscopic robotic approach. The relative
ontraindications are previous right chest surgery, obesity,
evere mitral annular calcification, and severe aorto-iliac dis-
ase (although even the latter has been managed on occasion
y axillary artery perfusion). Robotic heart surgery is a team
rocess requiring coordination with anesthesiologists, oper-
orthwest Heart and Lung Surgical Associates, SacredHeartMedical Center,
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oi:10.1053/j.optechstcvs.2007.09.001ting room staff, perfusion, and, especially, the patient-side
urgeon/assistant. Even mundane tasks such as passing su-
ures and instruments and maintaining tension on running
utures requires coordination and teamwork between the
onsole and patient-side surgeons. Early in a team’s experi-
nce it is prudent to select relatively ideal patients who are
ounger, not obese, and have straightforward mitral valve
athologic problems with a high likelihood of successful re-
air. As experience grows and operative times improve, more
omplicated valves and patients can be approached.
Robotic mitral valve repair involves the combination of
everal technologies and techniques—minimally invasive
ardiopulmonary bypass and cardiac arrest, the use of the da
inci robotic telemanipulation system, coordination be-
ween team members, and the mitral valve repair techniques
hemselves. Once the mitral valve is exposed, virtually all
alve repair techniques can be performed robotically. The
nly repair technique that is fairly unique to the robotic ap-
roach is the use of Nitinol U-clips (Medtronic Inc., Minne-
polis, MN) in place of sutures to secure flexible annuloplasty
ands.
Over the past 4 years, we have performed 160 robotic
itral valve repair operations (18 planned mitral valve re-
lacements were also performed). There were no conversions
rom robotic to open procedures. Of the 160 patients for
hom repair was planned, only one patient was converted to
replacement, whereas all others had successful repair with
ither 0 or Trace mitral regurgitation at the conclusion of
urgery. There have been no operative deaths in this group of
atients and average hospital length of stay was 3.7 days
50% discharged on postoperative day 2 or 3).
Classic quadrangular resection and annulus plication was
he most common repair performed (50%), whereas sliding
eaflet reconstruction (25%), anterior leaflet reconstruction
sually with Gore-Tex suture (W.L. Gore&Assoc. Inc., Flag-
taff, AZ) neo-chordae (16%), and rigid ring remodeling an-
uloplasty (10%) were performed as well. Concomitant pro-
edures included patent foramen ovale closure in 28 patients,
atch closure of atrial septal defect in 3 patients, and Cryo-
AZE procedure in 15 patients. We now close the left atrial
ppendage routinely in virtually all patients undergoing ro-
otic mitral valve repair.
The steps of robotic mitral valve repair are as follows:
1. Anesthesia setup. Placement of double lumen endotra-
cheal tube, transesophageal echo probe and retrograde
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236 L.G. Siwek and B. Reynoldscoronary sinus cardioplegia, and pulmonary artery vent
catheters (CardioVations Inc., Ethicon Inc.).
2. Port placement.
3. Cannulation.
4. Docking of robot, introduction of instruments, and ex-
posure of the mitral valve.
5. Mitral valve repair.
6. Weaning from bypass, decannulation, checking for he-
mostasis, and closing of incisions.
In this article the steps and techniques of robotic mitral
alve repair are illustrated. It is not our intention to recom- tend a particular technique for the actual mitral valve repair
er se but rather to illustrate that with careful planning and
eamwork it is possible to routinely access and reliably repair
he mitral valve via a totally endoscopic robotic approach.
itral valve replacement requires careful suturemanagement
y the patient-side surgeon/assistant, but the technique is
therwise very similar. It should be noted that, with minor
ariation, these techniques can be used to perform other
pen heart atrial procedures such as atrial septal defect clo-
ure, resection of atrial myxoma, stand-alone atrial fibrilla-
ion procedures, and tricuspid valve repair.
Totally robotic mitral valve repair 237Operative Technique
Figure 1 Lines, positioning, and cannulation. Patient is intubated with a double lumen endotracheal tube. Trans-
esophageal echo (TEE) probe is placed. Pulmonary artery vent and retrograde coronary sinus cardioplegia catheters
(CardioVations; Ethicon Inc.) are placed via the right internal jugular vein. These are positionedwith TEE guidance and
fluoroscopy with contrast injection is used to confirm good position of the cardioplegia catheter in the coronary sinus.
The patient is positioned at the right edge of the operating room table with a transverse roll under the chest and the
armOFF the table supported in a sling. The table is rotated 15° to the left and placed in reverse Trendelenberg (to lower
the hips and gain extra clearance for the right instrument arm of the robot).
Right femoral artery and vein are exposed via an oblique incision just above the groin crease. A purse-string suture
is placed in the anterior surface of the vein and, using the Seldinger technique and TEE guidance, a guidewire is passed
through the right atrium and into the superior vena cava (SVC). Seeing the guidewire pass up into the SVC is very
important to ensure the proper positioning of the venous cannula. A 25-Fr CardioVations “Quickdraw” venous cannula
is passed over the wire and positioned so that the tip is several centimeters up the SVC and multiple side holes remain
in the right atrium. The femoral artery is cannulated via a transverse arteriotomy, which is later repaired by direct suture
closure. ET  endotracheal; PA  pulmonary artery.
238 L.G. Siwek and B. ReynoldsFigure 2 Port placement. Port placement is generally done simultaneously with femoral vessel exposure. Local anes-
thetic is used at all port sites to aid with postoperative pain control. The endoscope camera port is placed in the 4th
intercostal space (ICS) 2 to 3 cm lateral to the nipple. In female patients, the incision is placed in the infra-mammary
crease and the breast is retracted superiorly to try to enter the chest in the 4th or 5th ICS. CO2 is insufflated into the
chest and the camera is introduced to assure proper location, assess adhesions, and assess the possible need for a
diaphragm retraction stitch.
The working port incision (for a 15-mm soft rubber port) is placed in the same interspace, 4 cm lateral to the
camera port. With a finger in the chest via the working port incision for palpation, ports are placed for the left and right
instrument arms. The left port is placed one interspace above and approximately halfway between the shoulder and the
camera port. The right port is two or three interspaces below and near the anterior axillary line.
A Chitwood transthoracic cross-clamp and a small suction catheter are placed via a stab wound in the axilla. An
angiocatheter, which can accommodate the “crochet hook” for suture retrieval, is placed in the mid-axillary line for
posterior pericardial traction sutures.
Using the endoscope for visualization, another angiocatheter is placed medially (avoiding the mammary vessels)
roughly overlying the aorta. The 4th robotic port for the atrial retractor instrument is placed in the 5th ICS medial to
the camera port.
(Inset) The da Vinci robot is “docked” with the patient; the arms are connected to the ports, and camera and
instruments are introduced into the chest.
Totally robotic mitral valve repair 239Figure 3 Exposure. The patient is placed on cardiopulmonary bypass; the heart is decompressed and ventilation is
discontinued. This eliminates respiratory movement and creates more “working space.”
The pericardium is opened with electrocautery well anterior to the phrenic nerve. The pericardiotomy extends from
near the inferior vena cava (IVC) to up over the ascending aorta. Two traction sutures are placed on the posterior
pericardial edge and brought out through the posterior angiocatheter to expose the site of left atriotomy. A traction
stitch on the anterior pericardium facilitates aortic exposure.
The site of planned atriotomy is prepared with electrocautery and the space behind the IVC is opened. n. nerve;
RAA  right atrial appendage; RIPV  right inferior pulmonary vein; RPA  right pulmonary artery; RSPV  right
superior pulmonary vein; SVC  superior vena cava.
240 L.G. Siwek and B. ReynoldsFigure 4 Aortic occlusion and cardioplegia. The Chitwood clamp is placed across the aorta. Exposure is provided by
the console surgeon to provide a good view into the transverse sinus to assure no injury to the pulmonary artery (PA)
or left atrium (LA) appendage.
A long 14-g angiocatheter (with a small side hole cut in it) is placed through the chest wall by the patient-side
assistant and then introduced into the aortic root by the console surgeon and held in place while the assistant connects
it to the cardioplegia delivery system.
The aorta is then cross-clamped and cardioplegia is delivered antegrade. Additional retrograde cardioplegia may be
delivered as well. We routinely administer retrograde cardioplegia at 20-minute intervals but will give multiple
antegrade doses if we have been unable to place the coronary sinus catheter.
Totally robotic mitral valve repair 241Figure 5 Atriotomy and valve exposure. Left atriotomy incision is made anterior to the right pulmonary veins. The
Intuitive Surgical Endowrist Atrial Retractor is positioned to elevate the atrial septum and provide exposure. Because of
the lateral approach, the amount of retraction required is reduced, causing less distortion of the valve. The atrial
retractor position can be adjusted by the console surgeon as needed to optimize exposure for patent foramen ovale
closure, closure of the left atrium (LA) appendage, or exposure of the mitral valve. The small suction catheter is
positioned in the left pulmonary veins to provide a blood-free field.
We routinely close the LA appendage with a two-layer closure of running 4-0 Gore-Tex. The suture is “followed” by
the assistant, via the working port, using a suture hook (ATS Medical Inc., Minneapolis, MN) to pull up the loops for
traction. Long sutures (48 inches) facilitate following the suture via a port since the loop is pulled out of the port to be
manually held by the assistant. LIPV  left inferior pulmonary vein; MV  mitral valve.
242 L.G. Siwek and B. ReynoldsFigure 6 Mitral valve repair—“classic” quadrangular resection. (A) The mitral valve is exposed and evaluated. The
assistant uses a sucker to help provide exposure. A robotic valve hook is used to evaluate the leaflets, chordae, etc. Any
type of valve repair can be performed robotically. The most frequent repair in our experience is a “classic” P-2
quadrangular resection, plication of the annulus, and reapproximation of the remaining posterior leaflet. (B) The leaflet
is excised with a curved scissor. Resano forceps are fairly atraumatic for grasping the leaflets.
Totally robotic mitral valve repair 243Figure 6 (Continued) (C) Felt pledget-reinforced 2-0 Ticron (Covidien, Norwalk, CT) mattress suture is used to plicate
the annulus and tied by the assistant with a knot-pusher (or can be tied by the console surgeon using robotic
instruments). (D) The remaining P-1 and P-3 leaflets are sutured together with two layers of running 4-0 Prolene
(Ethicon Inc, Johnson& Johnson Co, Somerville, NJ) suture, which can be run over the annular plication for additional
reinforcement. (Alternatively, interrupted sutures or interrupted nitinol U-clips may be used). Again, we usually have
the assistant tie the suture with a knot-pusher.
244 L.G. Siwek and B. ReynoldsFigure 7 Sliding leaflet repair. Other repair tech-
niques are frequently used including sliding leaflet
repair. (A, B) A quadrangular resection of P2 leaflet
is performed. Excessively tall posterior leaflet is
separated from the annulus and, if necessary, some
of the leaflet base can be resected to further reduce
its height. The leaflet is then brought centrally,
“sliding” it over, to meet the other leaflet compo-
nents. At times P-1 and P-3may both require height
reduction, although frequently (as illustrated here)
P-1 is less abnormal than P-3. (C) The leaflet base is
reattached to the annulus with two layers of run-
ning 4-0 Prolene and again the leaflet-to-leaflet at-
tachment is also performed with running Prolene.
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Totally robotic mitral valve repair 245igure 8 Gore-Tex neo-chor-
ae to anterior leaflet. Gore-
ex neo-chordae placement is
reatly facilitated by a robotic
pproach due to the excellent
xposure and magnified view
f the subvalvular apparatus.
he minimal distortion of the
alve provided by the lateral
pproach enhances the ability
o judge and adjust chordae
ength. (A) 4-0 Gore-Tex, but-
ressed with a pledget, is placed
hrough theheadof thepapillary
uscle. Both ends of the suture
re then brought through the
eading edge of the leaflet taking
wo “bites” with each end of the
uture. (B) The suture length is
hen adjusted and the suture is
eld with a robotic instrument
hile the assistant ties the su-
ure. Firmly holding the suture
nd having the assistant tie
gainst the robotic instrument
revent the knot from slipping
nd making the new chordae
oo short. MVmitral valve.
246 L.G. Siwek and B. ReynoldsFigure 9 Annuloplasty ring. We use flexible silastic sizers that can easily be passed through the 15-mm working port.
(The usual rigid sizers would require a larger working port.) A flexible annuloplasty band is placed using Medtronic
V-100D U-clips. Rigid or semi-rigid bands and rings can be placed robotically but (at least currently) require standard
sutures and tying.
The band is first secured at the two trigones and then additional suture-clips are placed on either side working toward
the center of the band so that it is evenly spaced along the annulus. A “bite” is taken into the annulus with one end of
the U-clip and then both needles are passed through the band.When released, the clips securely hold the band in place.
To provide a little more mobility of the band and facilitate the passage of the needle into the annulus, the nearest end
of the previous clip is left un-released until the next clip is in place. Two needle holders are used to allow passage of the
needles and release of the clips with either hand.
Totally robotic mitral valve repair 247Figure 10 Atrial closure.Once the repair is complete, the left atriotomy is closed with running 4-0 Gore-Tex, beginning
a suture at each end of the atriotomy and meeting in the middle. The heart is allowed to fill and de-air via the atriotomy
before tying the suture.
248 L.G. Siwek and B. ReynoldsFigure 11 Removing the cross-clamp and the cardioplegia catheter. Suction is placed on the aortic cardioplegia
catheter for further air protection and the aortic cross-clamp is removed. Once the heart is beatingwell (and preliminary
evaluation of the repair by TEE looks good), the angiocatheter is removed from the aorta (Ao) and the puncture site
closed with a pledget-reinforced 4-0 Gore-Tex mattress suture.
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